(10-1, Hakozaki 6, Higashi-ku, Fukuoka 812-8581, Japan) Strut-and-tie models for simply supported deep beams with or without web reinforcement are
INTRODUCTION
Up to now, many investigators1),2),3),4) have studied the structural behavior of deep beams and also suggested a few of approximate design equations for predicting ultimate shear strength of RC deep beams. These equations, however, give excellent correlation with only known experimental results, but often fail to predict the ultimate strengths when the geometrical parameters of the beams are different from its considerations. To maintain the same accuracy over a wide range of parameters, the design method must be based on a rational theory, which can provide a clearer structural behavior and a simplified approach to a complex problem.
The formulas in Clause 13.2.7 of JSCE code 5) is based on the analytical results of non-linear FEM and gives good predictions of shear strength for the simply supported deep beams. However, the design equation cannot reflect the effect of shear reinforcement.
Strut-and-tie models or truss models are considered to be the rational and appropriate basis for design and ultimate strength analysis of cracked reinforced concrete beams, because they give a clear picture of the behavior of structural concrete.
In strut-and-tie models the flow of forces in a structure is approximated by a system of compression members, the struts, and tension members, the ties, which intersect at nodes (see Fig.1 ). The forces in the members are determined from equilibrium conditions and then can be used to evaluate compressive stresses in the concrete and to proportion the reinforcement. And a node as introduced into model implies an abrupt change of direction of the forces. There are essentially four types of nodes depending on the combination of struts C and ties T, i.e. CCC-node, CCT-node, CTTnode, TTT-node 6) The strut-and-tie model for the simply supported deep beams was developed by Collins and Mitchell and was adopted by the CSA Concrete code [A23. 8). The CEB-FIP Model code 1990 9) also adopted strut-tie-models as the design tools to design deep beams. The basic procedure of structural idealization for deep beams is quite same in both codes, but the design criteria for effective compressive strength for concrete struts is different.
In this paper, strut-and-tie models for simply supported RC deep beams with or without shear reinforcement are proposed, and the new effective compressive strength and nodal models for the detailing of the CCT-node are also presented. The validity of the proposed model is compared with previously published experimental data on the behavior of deep beams. And its accuracy is also verified by comparisons with Niwa's equation the CEB-FIP Model code 1990, and the CSA Concrete code [A23. ].
EFFECIVE COMPRESSIVE STRENGTH
The physical basis of strut-and-tie models is back to the lower bound theorem of plasticity. However plain concrete will not show a perfectly plastic behavior, because of the failing branch of its stressstrain curve and the limited ultimate strain (see Fig.2 ). The slope of the descending part strongly depends on the strength of concrete 1.k, where fk is the compressive strength obtained in the cylinder test; as the strength of concrete becomes greater, the slope of failing branch becomes steeper, as shown in Fig.3 . But even if the concrete strength has a stronger influence on the limit load, a good correlation with test results can be achieved, when a reduced "effective compressive strength ffe is taken into account11)
The CEB-FIP Model code limits the stress of concrete in compression as follows:
[MPa] (1) for untracked zones and nodes where only compression struts meet or as
[MPa] (2) for cracked zones and nodes where the compressive resistance may be reduced by the effect of transverse tension from reinforcement and by the need to transmit force across the cracks. But, 1fe, may also be applied in other nodes if the angle between ties and major struts is not less than 55 and if the reinforcement layout in the node region is specially designed (e.g. arranged in several layers, with transverse ties). It has been proposed in the CSA Concrete code that the value for fCe shall be computed from
[MPa] (3) and is calculated as and (9 is the smallest angle between the compressive strut and the adjoining tension ties and rS is the tension strain in the tension tie inclined at 0 to the compressive strut. This strain softening concept for determining the effective compressive strength of struts was developed by Collins et al. [MPa] (6) For a deep beam subjected to shear loading, the lateral confining pressure occurs in the concrete within shear span. The lateral confining pressure leads to increase in strength as well as an increase in ductility. When the shear-span ratio is smaller. the lateral confining pressure is greater.
For the stress fields developed in strut-and-tie models the stress states in concrete were often superimposed by a strain state imposed by the elongation of the tensile reinforcement. The deformation of the reinforcement produces cracking in concrete. Thus there results a strain softening and a decrease in compressive strength. For this reason the disturbance from reinforcing bar should also be considered when f.e is determined.
Determining the effective compressive strength for struts and nodes depends largely on engineering judgment or on test results. In this paper. the authors proposed new effective compressive strengths for the inclined struts and CCT nodal zones. The proposed equations take into account the following parameters: concrete strength, shear-span ratio, and the disturbance from reinforcing bars. When the beams contained the equal amount of main reinforcement correspondence to the required tensile force to proportion the force of the inclined concrete strut from equilibrium conditions at the CCT-node, the effective compressive strength will be determined by:
[MPa] (7) When the provided main reinforcements are greater than the required tensile reinforcements, the disturbance from reinforcing bars may be decreased because of the reduction of the stress in the tensile tie. In this case, the effective compressive strength also be increased, and can be proposed as [MPa] (8) where Ta is the required force in tension tie using Eq. (7); Tmax is the maximum force in tension tie provided, A/f; As is the provided area of tension tie; f is the yield stress of tension tie. If Tmar=Ta, both of Eq.(7) and (8) will provide the approximately same results.
In this study, the effective compressive strength of the concrete struts bearing on the CCC-node is calculated according to the criteria of the CEB-FIP Model code; Eq. (1) is applied to the node surface which is bound to the inclined struts, and the criteria of biaxial compression strength J , is applied to the node surface which is bound to the compression chords of beams.
[MPa] (9) where (10) and Ub is the bearing stress under concentrated load; o2 is the stress in the section orthogonal to the bearing.
DETAILING NODES
The nodes of the strut-and-tie model are a simplified idealization of reality, and usually form two-dimensional stress fields. According to the i83 stress states within the interior of the nodes, the nodes will be treated as "hydrostatic or nonhydrostatic". If the stress fields bearing on the nodes have equal stress intensity and intersect to each sides of the nodes by perpendicular, the stress state inside of the nodes is homogeneous and a so-called "pseudo -hydrostatic". In this case, the size of the nodal area is only limited by the existing boundary of the bearing plate. In a "non-hydrostatic" stress state, the stress fields bearing on the nodes have not equal stress intensity and not intersect to the nodes by perpendicular, then a non-homogeneous stress state will generally exist. The stress state in this zone can be found by the Mohr's circles 16)
(1) The CCC-node The CCC-node will occur under the concentrated loads. The node regions are assumed to be a plane non-hydrostatic as shown in Fig.4 . Also, the stress fields along each sides of the node are assumed to be a uniformly distributed. The effective widths of the inclined struts are influenced by the length of the bearing plates rt, and the depth of the top horizontal compression struts da.
In this study, the pressure v1 along the inclined face of the node will be checked with respect to f el and the pressure cr 2 in the section orthogonal to the bearing will be verified with respect to f2ck. However, the bearing stress Uh was not checked, because many of experimental results had shown that the bearing stresses of the beams which failed in shear or web crushing modes were greater than the biaxial compressive strength of concrete, especially when the size of bearing plates were very small in comparison with the depth of beams or the concrete was confined by means of lateral reinforcement.
For a given da value, the effective width of inclined concrete strut wteff can be determined by:
w=rtsin0+dcos0 (11) where (12) .
Hence, the compressive force of Dt in the inclined concrete strut can be found by:
(2) The CCT node These types of nodes occur at end-supports of deep beams. Detailing of the CCT nodal zone is closely related to the following parameters as the type of anchorage for reinforcing bars, the state of stress within the interior of the nodes, the size of bearing plates, the anchorage length, and the location of tension ties. The CCT nodes that will reflect the previous parameters are proposed by the authors in this study (see Fig.5 and Fig.6 ). Among the proposed models for the CCT node, more than one model can be applied to the same beam for calculating its ultimate capacity. The ultimate capacity of the beam will vary with the types of node models. The type of node model which will gives the greater capacity depends generally on the geometrical parameters of the beams. a) Non-hydrostatic nodal model From the equilibrium conditions at the nodal zone as shown in Fig.5(b) , the relationship between the resultant forces can be derived: The effective width of concrete strut wbef in nonhydrostatic nodal models swill vary with the anchorage lengths of tension reinforcements l,. computed from behind the bearing plates (see Fig.5 ). For a given value of 4, the following relationship between wbef and l., can be derived:
w=rbsin9+2ycos8 (18) where y=(ltanB+tco)/2 dgrye=h-y<d (19) From Eq. (18) and (19), it can be seen that as the anchorage length becomes longer, the effective width of concrete strut will be increased, but the strut angle B will be decreased. And, as can be seen from Eq. (16), the ultimate capacity of the beam V, is related to both Db and B then the value of ll which yields the maximum value of the ultimate capacity of the beam may be determined by iterating procedure. However, the anchorage length should be less than or equal to the result of subtracting rb from ld, where ld is the development length of the straight reinforcement in tension given in the code. Further, Eq. (19) is only valid when the depth def is not greater than the effective depth d. The condition that dell does not exceed d can be written as: (20) If the actual anchorage length is less than the minimum anchorage length defined by Eq. (20), the effective width of concrete strut must be calculated by substituting uo for y in Eq. (18) and d for def in Eq. (19) . In this case, the effective width of concrete strut is equal to the one given by both the CEB-FIP Model code and the CSA Concrete code [see Checking of the concrete strut pressure Uc, with respect to fce2 is normally sufficient for the CCT node. However, if the tension tie is anchored by an anchor plate or is arranged in several layers with transverse ties, the pressure ac,, can be checked with respect to fe b) Hydrostatic nodal model For the hydrostatic node, the stress states inside the nodal areas are homogeneous, i.e. the stresses along the sides of node are equal to ac,. The fanshaped transition stress fields with the slope of 45 are used to enlarge the stress fields above the supporting blocks, because the strengths of the CCT-nodes fce2 were considerably lower than the actual bearing stresses for most of the deep beams with a/d<1.0, which failed in shear or web crushing mode, not in bearing mode.
For a given B the effective width of concrete strut wbeff can be determined by:
for y<uo for y>uo (21) where (22) As can be seen from Eq. (21) and Eq. (22), the effective width of concrete strut for hydrostatic node model is closely related to the force T. Since the force of the strut Dh contacted with the CCT node is determined by the value of whef the force T at this location is also limited by the detailing of the nodes, because the horizontal component of Dh must be equal to T [see Eq. (15)].
In order to determine the effective compressive strength of the strut f at the CCT node, the required force in tension tie Ta should be determined firstly by using fe2 as defined in Eq. (7).
Substituting Eq. (17) (24) and for 11<11mi 7 puttingy=u0 in Eq. (24), then Ta is given by:
If a special anchorage device is provided for tension ties, T is equal to Ta and can be calculated directly by using tel.
T=hfCCl(rhsin G+2u0cosB) cos 9
For hydrostatic nodal model, the required tension force Ta is calculated by: (27) By substituting Ta into Eq.(8), the effective compressive strength f will be determined. Hence. the tension force T, which gives the maximum compressive force for the concrete strut is calculated as follows:
where [ is the effective compressive strength ratio. and should be greater than or equal to one.
4. MODELLING AND ANALYSIS
PROCEDURE
There are no unique or absolute solutions in the application of strut-and-tie models.
To obtain a satisfactory solution. the strut and tie members of the developed models must follow the force flow that takes the shortest path between two loading points or node points.
(1) Beams without shear reinforcement For deep beams without shear reinforcement, the flow of forces at their ultimate limit state can be modeled with a statically determinate truss system as shown in Fig.7 . This model is made up of only concrete compression struts and steel tension ties, and takes the shortest load path between loading point and support point. A sophisticated model using concrete tension ties was proposed by Khaled et al. 17 as shown in Fig.8 . In their study, the predicted failure loads by using the simple truss model shown in Fig.7 were found to be much higher than the actual failure loads for the beams without shear reinforcement which were tested by them. However, the reason for these discrepancies may result from the effective compressive strength of the struts and the CCT-nodes. In fact, 0.6J k was used as the effective compressive strength for the struts and the CCT-nodes in their study, and no parameters which have a strongly effect on the effective strength of concrete were considered.
If struts and ties have reached to their capacity simultaneously, the beam will fail by the crushing of strut after yielding of tension tie. But in fact the possibility to occur this type of failure is very low. The type of failure most relevant to deep beams is shear or shear-compression failure in web. In this case, ultimate strength of the beam will be controlled by the capacity of the strut. Flexural failure will also occur if the amount of main reinforcement is very small, and then the capacity of strut is greater than that of tie. The tension forces in reinforcing bars are permitted to Tmax (AI) in proposed strut-and-tie models, where As is total area of the longitudinal reinforcing bars andf is its yield stress. The effect of strain hardening for steels after yielding was not considered in this study.
There are two unknowns, T and V, in the model shown in Fig.7 . To obtain the ultimate capacity of the beam, the tension force T should be determined firstly, which vary with B. And until to failure, the equilibrium conditions between struts and ties at the nodes must be kept. Therefore, the following trial and error technique should be used to solve the problem: 1) Calculate free from Eq. (1) and f from Eq. (7). 2) Assume da as follows:
where the initial value of dam=0anddamar=d 3) Calculate 0 from Eq. (12) with dami=da for D9>Dt or damar=da for D9<Dt. 9) Calculate U9 and Ue2 as (31) 10) Calculate fck from Eq. (9) and a from Eq. (10). 11) Check 0c2<f2ck If not, adjust da as: (32) Return to Step 3) and omit Step 8) from the routine above. 12) Calculate the ultimate capacity of the beam.
V=DlsinD (33)
For non-hydrostatic nodal model with l>llm, it is necessary to repeat above calculations for a range of 11 values starting from 1gfd1m, and increasing 1, until the ultimate capacity of the beam reached its maximum value. A computer program based on the above calculation procedures was developed by the authors, and the flow chart for this program described in Appendix A.
(2) Beams with vertical web reinforcement For beams without stirrups (1.0<a/d<2.5), the diagonal crack forms independently and not as a development of a flexural crack. The beam usually remains stable after such cracking. The penetration of the diagonal crack deeply into the compressive zone reduces the effective cross-sectional area of the zone and thus leads to crushing failure of the concrete near the loading points.
Previous investigations 18),19),20),21) have indicated that the addition of stirrups will delay the formation and spreading of the diagonal cracks and also reduce the width of the cracks. Further, stirrups have the tendency to prevent the diagonal cracks from penetrating into the compressive zone. However, the effect of vertical stirrup decreases as a/d decreases and is not proportional to the amounts of stirrups for deep beams with a/d<2.5 as its in slender beams. For short beams (1.0<a/d<2.5) with stirrups, truss action is fairly obvious, as well as arching action. To obtain a satisfactory solution, thus, a rational model which can considers both arch and truss effects must be introduced.
A strut-and-tie model for deep beams with stirrups is presented in Fig.9 . The applied load V is transmitted to the support of the beam by the compressive struts, D and Ds The inclined angle of these struts should be limited in 25 BS 65 for for D From equilibrium condition at the intersection of Dr and T. the horizontal component of the force D5 must be equal to the difference between the forces T and Tb in the tension ties formed by the longitudinal reinforcement on the either side of the node. The vertical component of the force D5 must also be equal to the forces TS. In the stirrups. Furthermore, the maximum force T which can be carried by the tie Ts depends on both the total area of stirrups in pure shear span ASv and its yield stress fecl If the required force in the stirrup which satisfies both the equilibrium and geometric conditions is greater than Tmax, Ts equals to TVm and then, the angle of the strut Db and the force of the strut DsD should be limited to the maximum force of the tie Ts. In this case, the stirrups corresponding to the tie T, will yield at failure. If T, is less than Tsmx the force of the tie Ts should be limited to the geometric conditions of the beam: in other words. the angle of the strut Dc must be greater than zero. thus the stirrups will not yield at failure. The force of the tie TS, therefore, should be determined by both considerations of the geometric condition of the beam and the material properties of stirrups.
As can be seen from Fig.9 . vertical stirrups play the role of reducing the tension force of reinforcing bars and increasing the angle between the tie and the strut at the CCT-nodal zone. Thus, the effective compressive strength in the CCT-node will be increased as compared to that of beams without stirrups. As the result, required tension force of reinforcing bars at the CCT-node is increased, with a consequent increase in the tension force of tie at mid-span.
There are three unknowns. T, Ts and V in the model shown in Fig. 9 . Then, to obtain the ultimate capacity of the beam, we should firstly determine both forces of T and Tis, which vary with the values of Bb. From geometrical considerations for the truss model shown in Fig. 9(b) . the following relationship can be established:
where s is the distance from the loading point to the center of stirrups provided in pure shear span. From the equilibrium conditions, the following equations also can be established: For the strut-and-tie model shown in Fig.9 to be valid, the angle 0c must be greater than or equal to zero. Thus, one of the upper limits for 0b can be established by: (43) When non-hydrostatic nodal model is applied to this model, furthermore, one more upper limit for 0 b should be considered. The relationship between V and 0 b can be obtained from Eq. (16), (17), and (18) (49) where Dt is the resultant compressive force of D and Ds at the CCC-node. To calculate the ultimate capacity of the beam with stirrups, which has been discussed above, a trial and error technique is applied as follows: 1) Calculate fcel from Eq. (1) and fce2 from Eq. (7).
2) Assume dQ as follows:
where the initial value of damn=0 and dam0=d (26), and (27) for B = 9. 6) Calculate /e2 from Eq. (8) 
V=Dr sin B (33)
To calculate the ultimate capacity of the beam, both typical non-hydrostatic nodal model (l=luiy) and hydrostatic nodal model are used. A computer program based on the calculation procedure above was developed and the flow diagram for the program is described in Appendix B.
5.VERIFICATION AND DISCUSSION
The validity of the proposed models was examined by comparisons with experimental data in many other works published to date. The test data were selected on the bases of the following: (a) The beams must fail in web shear mode or in shear-compression mode before or after yielding of the main reinforcements, not in bearing or flexural mode. (b) The value of a/d must be less than or equal to 2.5. (c) The beams failed by shear in the web before or after yielding of the vertical stirrups. (d) The beams must be simply supported with one or two concentrated loading. Details of the test data are listed in Table 1 and  Table 2 , where STM means the proposed method. The selected experimental data have an extensive range of parameters that give most information about the ultimate behavior of simply supported deep beams. A. is the longitudinal tension reinforcement ratio(=1OO 4/bd) kr is the bearing stress ratio(=ou(fd/f), rJ1=Vr, /br, r is the smaller of rh and rt
(1) Beams without stirrups Experimental results of the tested beams listed in Table 1 are compared to predicted failure loads using the proposed method in this study, Niwa's equation. the CEB-FIP Model code, and the CSA Concrete code. The beams with stirrups are also included in Table 1 , when aid is less than or equal to one.
Niwa proposed a detailed design equation based on both non-linear finite element analysis and experimental results for simply supported deep beams without stirrups. This equation usually gives a good prediction of shear strength for deep beams within a wide range of parameters and it is the basis of the formulas in the JSCE Concrete code: (50) where .f .k is compressive strength(MPa) and r is the width of bearing plate. Fig.10 shows the comparison between measured and predicted values using four methods above for a total of 162 test beams. The ratio Vet/jVcal, where VeX is the measured strength and Vcul is the calculated strength, is an indication of the correlation between them. As can be seen from Fig.lOa , the proposed model gives the lowest coefficient of variation of 13.81% among the four methods, and a mean of 1.05. For beams tested by Paiva et al.27) and Subedi 4), however, the proposed models gives conservative results as shown in Table  1 : a mean value of 1.21 and 1.32, respectively. These results may be caused by the failure modes of beams and by the local confining reinforcements under the loading areas and above the supports. Paiva's beams failed in flexure-shear mode or in shear after yield of tension reinforcement and Subedi's beams failed in diagonal splitting of webs accompanied by local crushing and spalling of concrete at loading or support regions. These beams, also, have a very high level of bearing stress within a range from 1.27fk to 1.85fk under loading blocks at failure (see Table 1 ).
One of the decisive factors affecting the widths of concrete struts in strut-and-tie models is the length of bearing plates, as can be seen from Eq. (11) and (18) . Furthermore, the effective compressive strengths of the struts are limited to less than 0.85fk in this study. But, for the beams (aid 1.0) with a heavy local confining reinforcement, such as Subedi's beams, the effective compressive strength of concrete struts near nodal zones will be greater than 0.85fk, due to lateral confinement by these reinforcements. As a result. the allowable force in the tie is increased in comparison with the beam without confinement reinforcement. In these cases, the beams failed by crushing of concrete under loading blocks or by spalling and crushing above the supports. The proposed model does not consider these failure modes, and it is only applicable to the beam which fails by the spreading of the diagonal crack from the load position to the support or by the crushing of the concrete struts between two diagonal cracks. Niwa's equation give relatively good agreement between measured and predicted values; a coefficient of variation is 18.27% and a mean of 1.15. It is worth noting that, for tested beams by Paiva et al. and Subedi, prediction using Niwa's equation is more accurate than the proposed methods. These results may arise from the following reasons. Because 1) Niwa's equation is expressed in main reinforcement ratio, then the shear strength of the beam will be determined by the amount of tension reinforcement, not by the force in tension tie. And 2) there are no limits to stresses for the regions under loading points or the over supporting points, where highly compressive stresses occur locally. Therefore. for the beams which failed by shear after yielding of main reinforcements as in Paiva's beams and have local confining reinforcements at loading or support regions as in Subedi,s beams. Niwa's equation usually will give a better result compared to the approach of strut-and-tie model.
Both the CEB-FIP Model code and the CSA Concrete code give very conservative predictions for most of the tested beams; a mean of 1.42 and a coefficient of variation of 28.46% by the CEB-FIP, 1.52 and 24.05% by the CSA. These results may be caused by the methods of treating the nodes and the effective concrete strength. For detailing of the nodes, both codes restricted the nodal areas within r (rh or rt) and 2uo(see Fig. 5b ), thus the calculated tension force in the tie is also limited by these geometrical parameters. If the dimensions of r and uo are big enough to develop the full capacity of tension tie, the nodes can be modeled using both codes. But, in fact, most of the tested beams had relatively small values of r, and the main reinforcing bars were anchored by bonding with transverse reinforcement, with the result that small values of u0 were used, too. For these beams, the results obtained from both codes were generally and significantly below the measured failure loads.
(2) Beams with stirrups
The CSA Concrete code has no provisions for modeling of the deep beams with stirrups (a/d<2.5). The CEB-FIP Model code has presented a truss model for deep beams to reflect the effect of stirrups. The code also have proposed a conservative approximate expression to determine the force in stirrup as a function of the ratio a/z (z is the length of lever arm at the mid-section) and of the resultant axial and shear forces. But, the expression only can be applied when V is known, thus this expression cannot be applied directly to calculate the ultimate capacity of the beam. Therefore, a truss model shown in Fig.9 is applied for modeling the beam with stirrups, while the procedures of detailing the nodes and determining the effective concrete strength are followed by the provisions described in Table 2 Parameters of test beams and the ratio of shear strength predictions to test results for beams with stirrups ps is the vertical web reinforcement ratio(=100*A/bs), s is spacing of stirrups I9I both codes. The relationships between the measured and the predicted failure loads were shown in Fig.  11 . The proposed model gives very good results for all over total specimens. despite of a wide range of parameters: the mean and coefficient of variation of the ratio Verli Vcai for 159 specimens are 1.08 and 10.47%, respectively, as shown in Fig. 11(a) . By contrast the case for the beams without stirrups, Niwa's equation [see Eq.(50)] generally tends to underestimate the shear strength of deep beams with stirrups; a mean of 1.44 and a coefficient of variation of 23.09% for VJJ Vcai. respectively.
It can be also seen that the conservation increases with increasing aid from Fig.  11(b) . From these results, it is clear that the presence of stirrups increases the ultimate shear strength of deep beams and thus Niwa's equation which does not consider the effectiveness of stirrups may not be suitable for beams with stirrups when aid is greater than 1.0.
The CEB-FIP Model code gives a little conservative result with a mean of V,J V al is 1.24 and a coefficient of variation of 16.40%. respectively. It is worth noting that the conservation decreases with increasing aid as shown in Fig. 11(c) .
Although the same truss model has been applied to both the CEB-FIP Model code and the proposed model. the result was different considerably from each other, especially in the beams when aid is less than 2.0. Both models have a difference on determining the effective compressive strength at the CCT-nodes, fe2. In order to determine fe2, the CEB-FIP Model code considers only the strength of concrete [see Eq. (2)], while the proposed model takes into account the parameters such as concrete strength, the disturbance from reinforcing bars, and aid. Therefore, it can be concluded that the effective compressive strength for the CCT-nodes should be determined by taking into account the shear span/depth ratio and the disturbance from the reinforcing bars when aid is less than 2.0.
The CSA Concrete code gives relatively good agreement between measured and predicted values: a mean of 1.18 and a coefficient of variation of 21.03 for VeXp/ Vial. But, for beams with aid less than or equal to one, the predictions are very conservative. The reason for this may result from limiting of bearing stress in the CSA Concrete code. In applying strut-and-tie models to disturbed regions, the CSA Concrete code limits the bearing stress under loading points to 0.85fk. However, for most of tested beam with a/d 1.0. the bearing stress of the beams which failed in shear or web crushing mode was much greater than 0.85 f k as listed in Table 2 . For aid> 1.0, the predictions using the CSA Concrete code are fairly good compared to the CEB-FIP Model code. Unlike the CEB-FIP Model code, the CSA Concrete code takes into account the disturbances from reinforcing bars for determining the effective compressive strength of the CCT-nodes. As prescribed above, vertical stirrups play the role of reducing the tension force in reinforcing bars at the CCT-nodal zones. thus the disturbance from reinforcement will be reduced at this region. As the result. the effective compressive strength in the CCT-nodes is increased. Thus, it may be concluded that the effective compressive strength should be determined by taking into account the disturbance from reinforcing bars, as well as the aid ratio.
CONCLUSIONS
Based on the results of this study, the following conclusions can be made: (1) The presented strut-and-tie models for simply supported deep beams are fairly adequate for predicting the ultimate capacity of the beam with and without stirrups when the beams failed in shear before yielding of main reinforcement. But, for the beams which failed by shear after yielding of the longitudinal reinforcements or which have local confining reinforcements at the loading and support regions, the presented methods gave a little conservative predictions. (2) For beams without stirrups. Niwa's equation gave relatively good agreement between measured and predicted values. When the beams failed by shear after yielding of main reinforcement or the local confining reinforcements at the loading and support regions were provided. Niwa's equation gave the best results among the four methods. (3) Both the CEB-FIP Model code and the CSA concrete code gave a very conservative prediction for most of the tested beams without stirrups. These discrepancies result from the method of treating the CCT-node and the effective compressive strength for concrete struts. (4) For beams with stirrups. Niwa's equation, which does not consider the effectiveness of stirrups, gave the most conservative predictions among the four methods considered here. A further supplements are required to make this equation suitable for deep beams with stirrups when aid> 1.0. (5) The accuracy of strut-and-tie models is greatly dependent on detailing of the nodal zones and the effective compressive strength. When beams have a relatively small value of r and uo, the nodal models described in both the CEB-FIP Model code and the CSA Concrete code are not suitable. The proposed effective compressive strength for the CCT-node, which is a function of the strength of concrete, the shear-span ratio, and the disturbance from the reinforcing bars, was found useful to deep beams with aid<2.5. (6) The proposed methods for modeling the CCTnodes were found useful to the beams having a relatively small value of r and u0, with transverse reinforcements within the anchorage regions over the supports. 
